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Investigations on the density decays in the afterglow of pulsed magnetron sputtering plasmas employing
a Cu2ZnSnS4 (CZTS) stoichiometric target were performed to evaluate the sticking probabilities of Cu, Zn,
Sn and S atoms. The sticking probabilities were evaluated from the linear relationships between the
decay time constants of the atom densities and the discharge pressure. It has been found that the sticking
probabilities of Cu, Zn, and Sn are almost the same. On the other hand, the sticking probability of S atom
was found to be as low as 0.7 ± 0.1, if we assume unity for the sticking probabilities of Cu, Zn, and Sn.
Therefore, it has been shown that the less-abundant composition of S atoms in sputter-deposited CZTS
thin ﬁlms is attributed to the small sticking probability of S.
© 2015 Elsevier Ltd. All rights reserved.1. Introduction
Cadmium-telluride (CdTe) and copper-indium-gallium-selenide
(CIGS) have become major materials as the absorber layers in
commercialized thin ﬁlm solar cells. However, both of them include
toxic and rare elements, which may result in the rise of the
manufacturing cost and the depletion of natural resources; hence
new materials which are free from environmental and resource
problems are required. Recently, a multi-compound semiconductor
which is composed of abundant, non-toxic elements has been
proposed to replace CdTe and CIGS in thin ﬁlm solar cells [1e4]. It is
known as CZTS, which is the abbreviation of Cu2 ZnSnS4. CZTS is a
p-type semiconductor that has a band gap energy of 1.4e1.5 eV and
an absorption coefﬁcient greater than 104 cm1 [5,6].
These parameters are suitable as the absorber layer in a solar cell.
In comparisonwith other solar cell materials such as Si, CZTS also has
an advantage in the negligible photo-degradation. These features
indicate that CZTS is a hopeful material for future thin ﬁlm solar cells.
Most recently, an efﬁciency of 12.6% has been reported by the IBMe and Engineering, Hokkaido
8, Japan.
i.ac.jp, nafa@uthm.edu.mygroup in a solar cell using CZTSSe as the absorber layer [7].
Researchers use various methods, such as thermal evaporation
[8,9], solegel methods [10], pulsed laser deposition [11], and
magnetron sputtering [8,12], for depositing CZTS thin ﬁlms. Among
them, it is sure that magnetron sputtering is the most promising
technique for uniform, large-area deposition of thin ﬁlms in mass
production. However, the magnetron sputtering deposition of CZTS
thin ﬁlms is a problematic process. The principal problem is the
difﬁculty in the stoichiometric control of the four elements in the
deposited ﬁlm. This difﬁculty is considered to be related to the high
vapor pressures of S and Zn, which are 102 and 102 Torr at 400 C,
respectively. In many fabrication technologies, the concentrations
of S atoms in as-deposited CZTS ﬁlms are insufﬁcient, and the
composition of S is improved by post-annealing treatment in H2 S
[10,13,14]. Of course, the single-step synthesis of a stoichiometric
CZTS thin ﬁlm using magnetron sputtering is preferable from the
industrial point of view.
In general, the stoichiometry of the deposited ﬁlm is affected by
the sticking probabilities of species supplied from the gas phase. In
the deposition of CZTS ﬁlms, the high vapor pressures of Zn and S
are associated with their small sticking probabilities. Although
there are several numerical and experimental works which reports
the sticking probabilities of sputteredmetal atoms such as Cu, Ta, Li,
Ti, and Al [15e19,21,22], we can ﬁnd no data on the sticking
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of CZTS ﬁlms. In this work, we experimentally investigated the
sticking probabilities of Cu, Zn, Sn, and S atoms sputtered from a
stoichiometric CZTS target. The sticking probabilities were esti-
mated from the decay time constants of the atom densities in the
afterglow of pulsed magnetron sputtering plasmas. The decay time
constants were measured by using laser-induced ﬂorescence (LIF)
spectroscopy for Cu, Sn, and Zn and by using vacuum ultraviolet
absorption spectroscopy (VUVAS) for S. In addition, we evaluated
the diffusion coefﬁcients of Sn, Zn, and S in Ar on the basis of the
experimental results.2. Experimental apparatus
Fig. 1 shows the experimental apparatus. A magnetron sputtering
source was inserted from the top of a cylindrical vacuum chamber.
The diameter and the height of vacuum chamber were 160 mm and
180mm, respectively. Themagnetron sourcewas a conventional one
with cylindrical permanent magnets on an indirect water cooling
system. A stoichiometric CZTS target with a diameter of 50 mmwas
employed in this experiment. The target holder was connected to an
rf power supply at a frequency of 13.56 MHz via a matching circuit.
The sputtering cathode was surrounded by a grounded shield with a
diameter of 80 mm, which worked as the anode of the magnetron
discharge. A substrate holderwas placed at a distance of 50mm fromFig. 1. Magnetron sputtering source and diagnostics. (a) System of laser-induced
ﬂuorescence imaging spectroscopy for measuring Cu and Sn densities. A similar
experimental setup was used for measuring Zn density by two-photon absorption
laser-induced ﬂuorescence. (b) System of vacuum ultraviolet absorption spectroscopy
for measuring S density.the target surface. The diameter of the substrate holder was 100mm.
The base pressure of the vacuum chamber was approximately
9  107 Torr. After the evacuation to the base pressure, we intro-
duced Ar into the chamber. The Ar pressure was monitored using a
capacitance manometer and was controlled using a gate valve near
the pumping unit. We produced pulsed plasmas in this experiment
to measure the temporal variations of the densities of Cu, Zn, Sn, and
S in the afterglow phase. The repetition frequency and the duration
of the pulsed rf power were 10 Hz and 80e90 ms, respectively. The
instantaneous rf power was 80W in all the experimental conditions.
The apparatus of two-dimensional LIF spectroscopy, which was
used for measuring the densities of Cu and Sn, is schematically
shown in Fig. 1(a). In the measurements of the Cu and Sn densities,
tunable laser beam yielded from an optical parametric oscillator
(OPO) was arranged to be a planar shape using two cylindrical
lenses. The planar laser beam illuminated the discharge space be-
tween the target surface and the substrate holder as shown in
Fig. 1(a). The OPO laser wavelength was tuned to excite Cu or Sn at
the ground state in the plasma. Cu or Sn at the ground state
absorbed the laser photons, and the resulting excited state released
ﬂuorescence. The ﬂuorescence formed an image on the planar laser
beam, which represented the two-dimensional distribution of the
density of Cu or Sn. We captured the image of the ﬂuorescence
using a charge-coupled device camera with a gated image inten-
siﬁer (ICCD camera). An interference ﬁlter was placed in front of the
ICCD camera to separate LIF from the stray light and the self-
emission of the plasma.
For measuring the Zn density, we applied two-photon absorp-
tion laser-induced ﬂuorescence (TALIF). In the TALIF measurement
of the Zn density, we focused the OPO laser beam, which had the
resonant wavelength with the two-photon excitation of ground-
state Zn, into the center between the target and the substrate
holder using a lens. The ﬂuorescence from the focal point was
detected using a photomultiplier tube via a lens and a mono-
chromator. Table 1 summarizes the wavelengths of the OPO laser
and the ﬂuorescence, together with the relevant energy levels, in
the LIFmeasurements. The temporal variations of the Cu, Sn, and Zn
densities were obtained by injecting the OPO laser pulses at various
delay times after the termination of the rf power.
Althoughwe tried the TALIF measurement of the S atom density,
the signal was below the detection limit. Hence we switched the
diagnostics from TALIF to VUVAS for the measurement of the S
atom density. Fig. 1(b) shows the experimental apparatus. An
electron cyclotron resonance (ECR) plasma with SF6 (18%)/Ar
mixture was produced as the light source of the absorption mea-
surement. The resonant line emissions from S atoms in the ECR
plasma were used for probing the S atom density. They passed
through the magnetron sputtering plasma and was detected using
a secondary electron multiplier tube via a VUV monochromator.
The ECR plasma, the magnetron sputtering plasma, and the VUV
monochromator were separated using MgF2 windows. The elec-
trical signal from the secondary electron multiplier tube was
recorded using a multi-channel scaler in the photon counting
mode. The temporal variation of the absolute S atom density in the
afterglowwas deduced by comparing the temporal variations of the
probe emissions with and without the magnetron sputtering
plasma. The dark current and the optical emission intensity of S
atoms from the magnetron sputtering plasma were compensated
using the normal subtraction procedure in the absorption mea-
surement [23]. Themost serious problem in VUVAS is the distortion
of the spectral line shape of the probe emission due to the radiation
trapping effect in the light source plasma, which may result in the
error in the S atom density. To avoid radiation trapping as much as
possible, the ECR plasma was operated at a low pressure of
0.5 mTorr and a low microwave power of 50 W. In addition, the
Table 1
Energy levels and wavelengths for measuring Cu, Sn, and Zn densities by laser-induced ﬂuorescence spectroscopy.
Species Initial state Excitation wavelength Excited state Fluorescence wavelength Final state
Cu 4s 2S1/2 324.75 nm 4p2P
o
3=2 610.55 nm 4s
2D5/2
Sn 5p2 3P0 286.33 nm 6s3P
o
1 317.51 nm 5p
2 3P2
Zn 4s2 1S0 320.12 nm 4d 1D2 636.23 nm 4p1P
o
2
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wavelengths of 142.5 nm (3d3Do3  3p4 3P2), 147.4 nm
(4s3Do3  3p4 3P1), and 129.5 nm (4s3Po2  3p4 3P2). We can ignore
the inﬂuence of radiation trapping if the same experimental results
are obtained at the three wavelengths with different transition
probabilities.
3. Results
Fig. 2 shows the typical two-dimensional distributions of the Cu
atom densities, which were observed at various delay times after
the termination of the rf power. The positions of the target and the
substrate holder are illustrated in the ﬁgure. The discharge pressure
was 50mTorr. The Cu atom density changed the spatial distribution
slightly, immediately after the termination of the rf power. After
that, the Cu atom density decayed with keeping the distribution.
The temporal variations of the Cu atom densities at the center
between the target and the substrate holder are plotted in Fig. 3(a).
The discharge pressures were 20, 50, and 100 mTorr. The Cu atom
densities decreased exponentially with time after the termination
of the rf power. The exponential ﬁttings of the decay curves gave us
the decay time constants of the Cu atom densities as indicated in
the ﬁgure. A longer decay time constant was observed at a higher
discharge pressure.
The slight increase in the Cu atom density in the initial after-
glow, which was observed at a pressure of 100 mTorr, was due to
the change in the spatial distribution. The peak position of the Cu
density at 100 mTorr was located near the target in the discharge
phase due to the limited diffusion from the source (the target) to
the sink (the substrate holder). On other hand, in the afterglow, the
peak position was located at the center between the target and the
substrate holder, as shown in Fig. 2(d), since both of them worked
as the sink of Cu atoms. The slight increase in the Cu density in the
initial afterglow, which was observed at a pressure of 100 mTorr as
shown in Fig. 3(a), is due to the move of the peak position in the
distribution of the Cu density.
The two-dimensional distributions of the Sn atom densitiesFig. 2. Two-dimensional distribution of Cu density observed at various delay times
after the termination of the rf power. The rf power and the Ar pressure were 80 W and
50 mTorr, respectively.were obtained in the same manner as Fig. 2, and the temporal
variations of the Sn atom densities at the center between the target
and the substrate holder are plotted in Fig. 3(b). The temporal
variations of the Zn atom densities at the center between the target
and the substrate holder, which were measured by TALIF, are
plotted in Fig. 3(c). The temporal decays of the Sn atom densities
were ﬁtted well with exponential functions, while we observed
considerable deviation from an exponential curve in the Zn atom
density at a high pressure (100 mTorr) in the late afterglow. In this
case, we evaluated the decay time constant by ﬁtting the decay
curve in the initial afterglow with an exponential function, asFig. 3. Temporal variations of (a) Cu, (b) Sn, and (c) Zn densities in the afterglow of
magnetron sputtering plasmas at various discharge pressures. The rf power was 80 W.
Fig. 5. Decay time constants of Cu, Sn, Zn and S densities as a function of discharge
pressure. The open triangles, the open diamonds, and the open circles show the decay
time constants of Cu, Zn, Sn, respectively. The closed circles, the closed squares, and the
closed triangles show the decay time constants of S examined at wavelengths of 142.5,
147.4, and 129.5 nm, respectively.
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Fig. 4 shows the temporal variations of the absolute S atom
densities in the afterglow. The discharge pressures were 50, 100,
and 150mTorr. Thewavelength of the probe emissionwas 142.5 nm
(3d3Do3  3p4 3P2). Since the sensitivity of this measurement was
insufﬁcient when the S atom density was lower than 1 1010 cm3,
the tail part of the decay curve shown in Fig. 4(c) is noisy. However,
the decay curves had sufﬁcient signal-to-noise ratios to evaluate
the decay time constants. The decay time constants of the S atom
densities were evaluated by the exponential ﬁttings as indicated in
Fig. 4.
The decay time constants of the Cu, Zn, Sn, and S densities are
plotted in Fig. 5 as a function of the discharge pressure. The open
symbols show the decay time constants of the Cu, Zn, and Sn
densities. The decay time constant of the S atom density was
examined at the three wavelengths of the probe emission, and the
results are plotted by the closed symbols. As shown in the ﬁgure,
linear relationships were found between the decay time constants
and the discharge pressure for Cu, Zn, Sn, and S. In addition, sinceFig. 4. Temporal variations of S densities in the afterglow of magnetron sputtering
plasmas at various discharge pressures. The rf power was 60 W. The wavelength of the
probe emission in VUVAS was 142.5 nm.the same decay time constants were obtained for the S atom den-
sity at the three wavelengths, the inﬂuence of radiation trapping
was negligible in the present measurement.
4. Discussion
The temporal variations of the densities of Cu, Zn, Sn, and S in
the afterglowwere ﬁtted well with exponential functions in almost
all the experimental conditions as shown in Figs. 3 and 4. This result
indicates that the loss processes of the four elements are dominated
by the ﬁrst-order kinetics. Since all the four elements have the ﬁrst-
order kinetics, it is considered that the dominant loss processes are
diffusion to the substrate holder and the chamber wall. An excep-
tion was the temporal variation of the Zn density in the late after-
glow of a high pressure discharge, where we observed a tail
component in the decay curve as shown in Fig. 3(c). This may
suggest desorption of Zn atoms from the surface of the deposited
ﬁlm. The tail component may be related to the high vapor pressure
of Zn, where the Zn atoms desorped at a roughly constant ﬂux.
However, the experimental result indicates that in the initial
afterglow the total amount of desorbed Zn atoms is much smaller
than the total amount of adsorbed Zn atoms.
According to Chantry [24], the decay time constant (or the
lifetime) of the species density in the afterglow is given by the
following equation, if its loss process is dominated by diffusion.
t ¼ L
2
0
Dp
pþ 2l0ð2 aÞ
ya
; (1)
where p and D denote the discharge pressure and the diffusion
coefﬁcient, respectively, L0 is the geometric diffusion length, l0 is
the ratio between the volume and the surface area of the vacuum
chamber, y is the mean velocity of the particle, and a is the sticking
probability. The mean velocity y is given by Refs. 8kT/pM, whereM
and T are the mass and the temperature of the diffusing particle,
and k is the Boltzmann constant. The diffusion coefﬁcient D is
inversely proportional to the pressure, thus the product of Dp is a
constant. Since the product Dp is a constant value, Eq. (1) shows a
linear relationship between the decay time constant and the
discharge pressure. In the present experimental results, as shown
in Fig. 5, we observed linear relationships between the decay time
constants and the discharge pressure, indicating that the dominant
loss processes of Cu, Zn, Sn, and S are diffusion to the substrate
holder and the chamberwall. In addition, it have been reported that
when Ar pressure is higher than 10 mTorr, the collision between Ar
Fig. 6. Relationship between the decay time constants of S density and the discharge
pressure when the substrate holder was removed from the discharge system. For
comparison, the dash line shows the relationship when the substrate holder was used.
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distribution function of sputtered atoms [25e27].
According to Eq. (1), we can estimate the sticking probability a
from the intercept (the extrapolated decay time constants at the
zero discharge pressure) of the linear relationship. The inset in
Fig. 5 shows the extrapolated decay time constants t0 for Cu, Zn, Sn,
and S. In addition, the values of t0 are summarized in Table 2. The
correlation coefﬁcients of the linear regression for Cu, Zn, Sn and S
shown in Fig. 5 were 0.9953, 0.9988, 0.9998 and 0.9728, respec-
tively. Table 2 also lists the values of 1=y at an assumed temperature
of 400 K for Cu, Zn, Sn, and S. The atom temperatureswere assumed
to be the same as the temperature of Ar at the metastable state,
which was evaluated experimentally in our previous work [19].
Since l0 is a parameter that is determined by the chamber design, t0
is proportional to 1=y if the sticking probability is the same. As
shown in Table 2, the proportional relationship between t0 and 1=y
is found for Cu, Zn, and Sn. On the other hand, the extrapolated
decay time constant of S is longer than that expected from 1=y. If we
assume a sticking probability of unity for Cu [20], Zn, and Sn, the
sticking probability of S is estimated to be approximately 0.7 ± 0.1.
The sticking probability of unity is applicable to the deposition
of metallic ﬁlms. However, in the case of the CZTS deposition,
smaller sticking probabilities could be possible for Cu, Zn, and Sn,
since no additional metallic species are required when the depos-
iting ﬁlm achieves its stoichiometry. We evaluated the value of l0 to
be approximately 2.5 cm by assuming that sputtered atoms are
dominantly lost on the surfaces of the substrate holder and the
target (as shown in Fig. 2). In this case, the sticking probability of
Cu, which is estimated from the extrapolated decay time constant,
becomes 0.6 ± 0.1, and the corresponding sticking probability of S
amounts to 0.3 ± 0.1.
Since the surfaces of the substrate holder and the sputtering
source were covered with CZTS ﬁlms in this experiment, the
sticking probabilities shown in Table 2 represent the values on the
surfaces of the CZTS ﬁlms. Note that the substrate holder was not
heated in the present experiment. We observed another relation-
ship between the decay time constant of the S density and the
discharge pressure, as shown in Fig. 6, when we removed the
substrate holder from the chamber. The S atom density was
examined at two wavelengths of 142.5 and 147.4 nm in this
experiment. It is clear that the extrapolated decay time constant at
the zero discharge pressure shown in Fig. 6 is longer than that in
Fig. 5. The extrapolated decay time constant shown in Fig. 6 cor-
responds to a sticking probability of ~0.3 ± 0.1. S atoms diffuse to-
ward the surfaces of the substrate holder and the sputtering source
dominantly in the situation of Fig. 5, while in Fig. 6, a major part of S
atoms diffuses toward the surface of the chamber wall. Since the
sticking probability of S is less than unity and the metal atoms are
easily deposit on the sputter target, the depositing ﬂux ratio of S/
(Cu þ Zn þ Sn) increased when the substrate holder was removed.
As a result, the structure and the chemical composition of the
chamber wall changed when the substrate holder was removed.
Therefore, the experimental result shown in Fig. 6 suggests that the
sticking probability of S is affected by the structure and theTable 2
Sticking probabilities a and diffusion coefﬁcients Dp evaluated by the present work. The
geometrical diffusion length. The sticking probabilities of Zn, Sn, and S were deduced f
sticking probabilities of 1.0 (case 1) and 0.6 ± 0.1 (case 2) for Cu. The sticking probability of
assumed for evaluating 1=y.
Species t0 (ms) 1=y (103 s/m) t0y (m)
Cu 0.35 ± 0.08 2.7 0.13 ± 0.
Zn 0.36 ± 0.03 2.8 0.13 ± 0.
Sn 0.45 ± 0.03 3.8 0.12 ± 0.
S 0.48 ± 0.13 1.9 0.25 ± 0.chemical composition of the surface of the growing ﬁlm.
Finally, we give brief discussion on the diffusion coefﬁcients of
Cu, Zn, Sn, and S. Eq. (1) indicates that the diffusion coefﬁcient Dp is
estimated from the slope of the linear relationship between the
decay time constant and the discharge pressure. However, the ac-
curate estimation of L0 in the chamber used in the present
experiment is not easy, since it has the magnetron sputtering
source and the substrate holder. On the other hand, the diffusion
coefﬁcient of Cu in Ar, which has been reported by two groups
[28e30], is Dp¼ 140 cm2 Torr/s. We estimated L0¼1.3 cm by
comparing this diffusion coefﬁcient with the slope of the linear
relationship of Cu shown in Fig. 5. By adopting the same L0 for the
linear relationships of the other species, we estimated the diffusion
coefﬁcients of Zn, Sn, and S as shown in Table 2. The diffusion co-
efﬁcient of Dp¼ 210 cm2 Torr/s for Zn shown in Table 2 roughly
coincides with a value of Dp¼ 240 cm2 Torr/s, which has been
calculated on the basis of the diffusion coefﬁcient reported by
Gardner and co-workers [31] under the assumption that the
diffusion coefﬁcient is proportional to T3/2. To our best knowledge,
the present work reports the diffusion coefﬁcients of Sn and S in Ar
for the ﬁrst time.
5. Conclusions
We have evaluated the sticking probabilities of Cu, Sn, Zn, and S
atoms in magnetron sputtering deposition of CZTS thin ﬁlms. The
sticking probabilities of Cu, Sn, and Zn are the same (and is assumed
to be unity), even though Zn has a high vapor pressure of 102 Torr.
On the other hand, the sticking probability of S is estimated to be
0.7. The small sticking probability of S is a mechanism for the dif-
ﬁculty in the stoichiometric control of CZTS thin ﬁlms. In fact, CZTS
ﬁlms deposited using the magnetron sputtering source used in this
experiment have less-abundant S atoms [32]. On the other hand,
the experimental results also suggest that the sticking probability
of S is affected by the structure and the chemical composition ondiffusion coefﬁcient of Cu reported in literature [28e30] was used for evaluating the
rom the extrapolated decay time constants t0 of the species densities by assuming
Cu in case 2 was deduced from the estimated value of l0. A temperature of 400 K was
a (case 1) a (case 2) Dp (cm2 Torr/s)
03 1.0 0.6 ± 0.1 (140)
01 1.0 ± 0.05 0.55 ± 0.05 210
01 1.0 ± 0.05 0.6 ± 0.05 70
07 0.7 ± 0.1 0.3 ± 0.1 90
N. Nafarizal et al. / Vacuum 121 (2015) 26e31 31the surface of the growing CZTS ﬁlm. It is necessary to ﬁnd a
method for enhancing the sticking probability of S, in order to
realize the one-step deposition of CZTS ﬁlms by magnetron
sputtering.
References
[1] H. Katagiri, K. Jimbo, W.S. Maw, K. Oishi, M. Yamazaki, H. Araki, A. Takeuchi,
Development of CZTS-based thin ﬁlm solar cells, Thin Solid Films 517 (2009)
2455e2460.
[2] S. Tajima, H. Katagiri, K. Jimbo, N. Sugimoto, T. Fukano, Temperature depen-
dence of Cu2ZnSnS4 photovoltaic cell properties, Appl. Phys. Express 5 (2012)
082302.
[3] A. Emrani, P. Vasekar, C.R. Westgate, Effects of sulfurization temperature on
CZTS thin ﬁlm solar cell performances, Sol. Energy 98 (2013) 335e340.
[4] M.P. Suryawanshi, G.L. Agawane, S.M. Bhosale, S.W. Shin, P.S. Patil, J.H. Kim,
A.V. Moholkar, CZTS based thin ﬁlm solar cells: a status review, Mater.
Technol. Adv. Perform. Mater. 28 (2013) 98e109.
[5] K. Ito, T. Nakazawa, Electrical and optical properties of stannite-type quater-
nary semiconductor thin ﬁlms, Jpn. J. Appl. Phys. 27 (1988) 2094e2097.
[6] J. Zhang, L. Shao, Y. Fu, E. Xie, Cu2ZnSnS4 thin ﬁlms prepared by sulfurization
of ion beam sputtered precursor and their electrical and optical properties,
Rare Met. 25 (2006) 315e319.
[7] W. Wang, M.T. Winkler, O. Gunawan, T. Gokmen, T.K. Todorov, Y. Zhu,
D.B. Mitzi, Device characteristics of CZTSSe thin-ﬁlm solar cells with 12.6%
efﬁciency, Adv. Energy Mater. 4 (2014) 1301465.
[8] A.I. Inamdar, S. Lee, K.-Y. Jeon, C.H. Lee, S.M. Pawar, R.S. Kalubarme, C.J. Park,
H. Im, W. Jung, H. Kim, Optimized fabrication of sputter deposited Cu2ZnSnS4
(CZTS) thin ﬁlms, Sol. Energy 91 (2013) 196e203.
[9] K. Wang, O. Gunawan, T. Todorov, B. Shin, S.J. Chey, N.A. Bojarczuk, D. Mitzi,
S. Guha, Thermally evaporated Cu2ZnSnS4 solar cells, Appl. Phys. Lett. 97
(2010) 143508.
[10] K. Maeda, K. Tanaka, Y. Fukui, H. Uchiki, Inﬂuence of H2S concentration on the
properties of Cu2ZnSnS4 thin ﬁlms and solar cells prepared by sol-gel sulfu-
rization, Sol. Energy Mater. Sol. Cells 95 (2011) 2855e2860.
[11] K. Moriya, K. Tanaka, H. Uchiki, Cu2ZnSnS4 thin ﬁlms annealed in H2S atmo-
sphere for solar cell absorber prepared by pulsed laser deposition, Jpn. J. Appl.
Phys. 47 (2008) 602e604.
[12] T.P. Dhakal, C. Peng, R.R. Tobias, R. Dasharathy, C.R. Westgate, Characterization
of a CZTS thin ﬁlm solar cell grown by sputtering method, Sol. Energy 100
(2014) 23e30.
[13] N. Song, Y. Wang, Y. Hu, Y. Huang, W. Li, S. Huang, X. Hao, Heteroepitaxial
growth of Cu2ZnSnS4 thin ﬁlm on sapphire substrate by radio frequency
magnetron sputtering, Appl. Phys. Lett. 104 (2014) 092103.
[14] J.J. Scragg, T. Ericson, T. Kubart, M. Edoff, C. Platzer-Bjorkman, Chemical in-
sights into the instability of Cu2ZnSnS4 ﬁlms during annealing, Chem. Mater.
23 (2011) 4625e4633.
[15] A. Bogaerts, Inﬂuence of sticking coefﬁcients on the behavior of sputteredatoms in an argon glow discharge: modeling and comparison with experi-
ment, J. Vac. Sci. Technol. A 16 (1998) 2400e2410.
[16] M. Cheon, Y. Park, Analysis of sticking coefﬁcient in BSCCO thin ﬁlms fabri-
cated by using the ion beam sputtering method, J. Korean Phys. Soc. 42 (2003)
135e138.
[17] I. Karpov, W. Gladfelter, A. Franciosi, Sticking coefﬁcient and growth rate
during Al chemical vapor deposition, Appl. Phys. Lett. 69 (1996) 4191e4193.
[18] T. Gotoh, S. Hirasawa, K. Kinosita, Measurement of sticking coefﬁcient of gold
atoms on MgO(001) with a torsion microbalance, Thin Solid Films 87 (1982)
385e392.
[19] N. Nafarizal, K. Sasaki, Sticking probability of Ti atoms in magnetron sput-
tering deposition evaluated from the spatial distribution of Ti atom density,
J. Vac. Sci. Technol. A 25 (2007) 308e311.
[20] M.C. Wu, W.S. Oh, D.W. Goodman, Initial sticking probabilities of Cu vacuum
deposited on ordered Al2O3 and MgO, Surf. Sci. 330 (1995) 61e66.
[21] K. Obara, M. Mabuchi, N. Imamura, T. Fujikawa, T. Yamada, N. Terada, Sticking
probability of sputtered particles and collisions on rotating Ni-P substrates,
Surf. Coat. Technol. 169e170 (2003) 223e227.
[22] E. Bultinck, A. Bogaerts, Particle-in-cell/Monte Carlo collisions treatment of an
Ar/O2 magnetron discharge used for the reactive sputter deposition of TiOx
ﬁlms, New J. Phys. 11 (2009) 103010.
[23] K. Sasaki, Y. Kawai, K. Kadota, Determination of ﬂuorine atom density in
reactive plasmas by vacuum ultraviolet absorption spectroscopy at 95.85 nm,
Rev. Sci. Instrum. 70 (1999) 76e81.
[24] P.J. Chantry, A simple formula for diffusion calculations involving wall
reﬂection and low density, J. Appl. Phys. 62 (1987) 1141e1148.
[25] K. Shibagaki, N. Nafarizal, K. Sasaki, Spatial distribution of the velocity dis-
tribution function of Fe atoms in a magnetron sputtering plasma source,
J. Appl. Phys. 98 (2005) 043310.
[26] N. Kang, S.G. Oh, F. Gaboriau, A. Ricard, Velocity distribution function of
sputtered Cu atoms obtained by time resolved optical absorption spectros-
copy, Rev. Sci. Instrum. 81 (2010) 013102.
[27] N. Britun, J.G. Han, S.-G. Oh, Fabry-Perot interferometry for measurements of
the velocity of sputtered atoms in a magnetron discharge, Plasma Sources Sci.
Technol. 17 (2008) 045013.
[28] H. Sekido, T. Kondo, A. Kono, T. Goto, Measurement of diffusion coefﬁcients for
ground-state and metastable copper atoms in rare gases, J. Phys. D Appl. Phys.
26 (1993) 1414e1418.
[29] A. Bogaerts, R. Gijbels, R.J. Carman, Collisional-radiative model for the sput-
tered copper atoms and ions in a direct current argon glow discharge, Spec-
trochim. Acta Part B At. Spectrosc. 53 (1996) 1679e1703.
[30] A. Bogaerts, R. Gijbels, Role of sputtered Cu atoms and ions in a direct current
glow discharge: combined ﬂuid and Monte Carlo model, J. Appl. Phys. 79
(1996) 1279e1286.
[31] P.J. Gardner, P. Pang, S.R. Preston, Binary gaseous diffusion coefﬁcients of
mercury and of zinc in hydrogen, helium, argon, nitrogen, and carbon dioxide,
J. Chem. Eng. Data 36 (1991) 265e268.
[32] S. Kikuchi, K. Sasaki, Proceedings of the 30th Symposium on Plasma Pro-
cessing, Jpn. Soc. Appl. Phys. Shizuoka (2013) 115.
